A method of introducing actively expressed genes into intact mammals is described. DNA precipitated with calcium phosphate has been injected intraperitoneally into newborn rats. The inJected genes have been taken up and expressed by the animal tissues. To examine the generality of the method we have injected newborn rats with the chloramphenicol acetyltransferase prokaryotic gene fused with various viral and cellular gene promoters and the gene for hepatitis B surface antigen, and we observed appearance of chloramphenicol acetyltransferase activity and hepatitis B surface antigen in liver and spleen. In addition, administration ofgenes coding for hormones (insulin or growth hormone) resulted in their expression.
MATERIALS AND METHODS Animals. Newborn Sabra rats from the Hebrew University breeding center have been used (except 3-week-old rats in one experiment as indicated in the text). Streptozotocindiabetic newborns were produced as described (12) .
Preparation of Calcium Phosphate-Precipitated DNA and Its Injection in Vivo. Supercoiled plasmid DNA, dissolved in 0.5 ml of 125 mM CaCl2, was added to 0.5 ml of 2x Hepesbuffered saline (280 mM NaCl/1.5 mM Na2HPO4/42 mM Hepes, pH 7.1) with continuous nitrogen bubbling. After 30 min at room temperature the precipitate was collected by 2-min centrifugation at 12,000 x g. The precipitate was gently dispersed in a small volume of saline and injected intraperitoneally.
Assay of Chloramphenicol Acetyltransferase (CAT) Activity. Liver and spleen were homogenized in a buffer containing 0.25 M Tris'HCl, pH 7.5, and CAT activity was determined in the 12,000 x g supernatant (13) using 400 Ag of tissue protein.
Genomic DNA Preparation. DNA from rat liver and spleen was extracted from the tissues according to Hewish and Burgoyne (14, 15) .
Restriction Enzyme Digestion and Southern and Dot-Blot Hybridization Analysis of the DNA. Southern blot hybridization analysis (16) was performed with GeneScreenPlus membranes. Prehybridization and hybridization were carried out under conditions recommended by the supplier, using appropriate DNA probes 32P labeled by nick-translation (17) .
Blot and Dot-Blot Hybridization Analysis of RNA. Liver total RNA was extracted and centrifuged through a CsCl cushion according to Chirgwin et al. (18) to separate the RNA from DNA. The RNA was analyzed by blot and dot-blot hybridization (15, 19) .
Recombinant DNA Used for Injections and as Molecular
Probes. The recombinant supercoiled DNA pSVlcat (13) , pSV2cat (13) , pRSVcat (20) , and pAdl2cat (21) 
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. To determine the uptake of such precipitated DNA and its distribution among various tissues, radioactively labeled DNA was injected intraperitoneally (Fig. 1) . By 40 hr after injection the radioactivity was found predominantly in the intestine and liver. Subsequently, the material was gradually distributed in all tissues, with a relatively higher concentration in the spleen. By 96 hr a considerable fraction of DNA breakdown products (acid-soluble) was found in the bladder.
Distribution of the radioactivity between nuclear and extranuclear compartments was determined in the liver after separating nuclei from tissue homogenates (28) . By 40 hr, 60% ofthe liver radioactivity was confined to the nuclei, out ofwhich more than 80%o was precipitable by trichloroacetic acid and ethanol. By 96 hr, 40% ofthe liver radioactivity was found in the nuclei and 60% of it was precipitable by ethanol. The radioactivity residing in the extranuclear fraction consisted of 85% acid-soluble material. Distribution of the radioactivity in hepatocytes and nonhepatocytes was determined by separating hepatocytes according to Vedel et al. (29) . By 48 hr after the DNA injection 40% of the radioactivity in the liver resided in hepatocytes. Injection of free DNA (not precipitated with calcium phosphate) resulted in a rapid degradation and elimination so that by 40 hr most of it, consisting of breakdown products, was concentrated in the bladder.
In a second set of experiments, expression of the injected genetic material has been determined. Using the calcium phosphate precipitate method, we injected 1-day-old neonates intraperitoneally with 10 /ig of DNA of specific genes. The copy numbers and expression of these genes, taken up by the liver and spleen, have been determined 48 hr after injection. For this purpose we have used fused recombinant genes containing the structural prokaryotic gene coding for CAT under the control of eukaryotic viral promoters [pSVlcat (13) , pSV2cat (13) , pRSVcat (20) , and pAdl2cat (21)] or the promoter of a liver-specific rat gene, coding for PEPCK (22) . Genomic DNA, obtained from liver and spleen ofanimals injected with pSVlcat and pRSVcat, was analyzed by Southern and dot-blot hybridization using a pSVlcat DNA probe. Copy numbers of these sequences were computed from dot-blot hybridization analyses of 1 and 10 ,ug of tissue DNA, in reference to dots of known amounts of plasmid ( Fig.  2A) . Thus, up to 5 x 108 copies offoreign DNA were revealed in 10 ,g of tissue DNA. Ten micrograms of DNA represents 2 million cells, on the basis of 5 pg of DNA per cell (30 CAT activities were detected in the liver and spleen of animals injected with each of the viral promoter-fused CAT genes on top of a background endogenous activity (Table 1) . We have noticed that tissue extracts inhibit CAT activity of (1986) added purified enzyme, suggesting that the CAT activities determined for the injected foreign genes may be minimal values. Nevertheless, the activity of CAT varied apparently in intensity with individual promoters irrespective ofthe copy number. These findings support the validity of using enzyme activity (CAT) to detect in vivo expression of injected genetic material. In addition to viral promoters, we have used a construct of the CAT gene fused with a cellular promoter of the gene coding for PEPCK. CAT activity has been detected in livers of animals injected with this construct (CAP, Fig.  2C ). When a construct of the CAT gene fused with this promoter in the opposite direction (CA9) was injected, only the background endogenous CAT activity was detected (Fig.  2C) . Thus, expression of foreign genes, introduced by the present method, is dependent on the correct orientation of the promoter.
Variations in the uptake offoreign DNA and its distribution and expression within a tissue were estimated from results of several animals injected with pRSVcat DNA. Uptake and distribution of the DNA in four separate lobes of the liver were determined by Southern blot hybridization (Fig. 3) . Two such representative assays demonstrate an even distribution, in all four lobes, in one animal (Fig. 3A) and variation in the distribution of about 3-fold in another animal (Fig. 3B) . Similar assays of total liver DNA from an additional three animals (Fig. 3 ) demonstrated altogether about a 3-fold difference in the amount of DNA taken up by livers of individual animals. CAT activities were likewise determined in four lobes ofeach liver (mean + SD = 1.12 ± 0.06 and 1.04 ± 0.14 pmol of 3-acetylchloramphenicol per 100 ,ug ofprotein in Fig. 3 A and B , respectively) and in total liver extracts of four animals (1.32 ± 0.30 pmol/100 ,Ag of protein).
To directly identify a protein product of the injected gene, we have utilized the cloned gene coding for HBsAg. This is a favorable model because the hepatitis B virus is incapable of infecting this animal species (31) , and expression of the gene may be detected in situ by immunochemical staining. This assay allows visualization of those cells that are actively engaged in expressing the foreign gene. One-day-old rats were injected with 10 Ag of pLSV-HBsAg DNA (the recombinant plasmid harboring HBsAg gene) in calcium phosphate precipitates. By 48 hr thin sections of liver and spleen of the experimental and control animals were taken for histochemical immunoassay, using specific antibody and indirect immunoperoxidase staining (26, 27) . Brown granules indicating existence of HBsAg were visualized in the cytoplasm of different types of liver cells (hepatocytes and nonhepatocytes) of animals injected with the gene. Note the dark granules in the black-and-white photography (Fig. 4) . Positively stained cells were likewise observed in the spleen, although they were not as numerous as in the liver (results not shown). However, such expression varied among animals. We have used our method to administer the human growth hormone gene to 20-day-old rats (10 ,ug per animal), and we have detected the respective mRNA in the liver of one offour animals thus injected (Fig. SB) . Blot hybridization analysis revealed a transcript of about 0.9 kb (Fig. SC) , corresponding to the known size of this mRNA (24 (10) . In this case the herpesvirus served as a vehicle to administer an included bovine growth hormone gene. However, due to tissue tropism, the virus and its inserted gene were confined to T lymphocytes.
Alternatively, taking advantage of liposomes, which are readily absorbed by tissues, a cloned recombinant DNA (preproinsulin gene cloned in a plasmid) entrapped in liposomes has been injected intravenously into rats (9) . The DNA was rapidly taken up by the liver and spleen. Yet expression of the foreign insulin gene, detected by high insulin levels in the liver and spleen, lasted for only 6 hr (9).
Recently, Dubensky et al. (11) have succeeded in introducing polyomavirus DNA, in calcium phosphate precipitate, by injecting the precipitate directly into the liver (adult mice) or spleen (newborn mice). They reported a presence of the DNA in the injected organs, which totally depended on its ability to replicate (11) . Nevertheless, the fact that such foreign DNA has been preserved intact and has even transiently been replicated was challenging. These findings encouraged us to examine whether intraperitoneal rather than direct injection ofDNA (precipitated in calcium phosphate) into animals would result in its absorption and expression by tissues.
Our results have indeed demonstrated that DNA, injected by the present method, is taken up by tissues, primarily liver and spleen, and is expressed. Direct determination of the abundance of foreign DNA found in the animal tissues gave estimates of up to 250 copies of recombinant DNA per cell. In reality, the DNA may not have been evenly distributed to all cells, as is evident from the immunoperoxidase staining of HBsAg in liver slices in situ (Fig. 4) . In general, the uptake Proc. Natl. Acad. Sci. USA 83 (1986) of DNA by the liver was not localized, but rather was distributed in all liver lobes (Fig. 3) , although the amounts taken up varied by 3-fold among individual animals. By 2 days after injection, the absorbed DNA was found in intact supercoiled form in both liver and spleen. This indicated that it did not integrate in the host genome. Along with the decrease in the peritoneal precipitate, by 4 days after injection, the percent DNA in the material found in the liver also decreased. Thus, the present method enables transient presence of considerable amounts of foreign DNA in the animal tissues. Apart from being intact, such foreign DNA is actively transcribed, as is evident from the insulin and growth hormone transcripts readily detected in the liver. Gene expression is traced to the protein product as shown by the high insulin levels found in the liver, the detectable CAT activity, and the appearance of a new protein, as documented by the presence of HBsAg in tissue slices of the recipient animals.
However, the distribution of the genetic material, introduced by the present method, is predominantly confined to the liver and spleen. Expression of inserted genes is transient and varies considerably among individual animals. This is most clearly demonstrated by the 8-fold difference in the abundance of insulin transcripts among animals and from the fact that growth hormone transcripts were detected in only one out of four animals. In addition, the efficiency of expression of genes introduced by the present method is as yet unclear. Likewise, it is still unknown whether genes introduced by the present method obey tissue-specific or hormonal control. In addition, it is of interest to examine whether introduction of DNA containing an origin of replication will enable replication and persistence of the foreign DNA in the tissues' nuclei.
